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Abstract 

Scania has a policy to attain a high crashworthiness standard and their trucks have to 
conform to Swedish cab safety standards. The main objective of this thesis is to clarify 
which parameter variations, present during the second part of the Swedish cab 
crashworthiness test on a Scania R-series cab, that have significance on the intrusion 
response. An LS-DYNA FE-model of the test case is analysed where parameter 
variations are introduced through the use of the probabilistic analysis tool LS-OPT.   
 
Example of analysed variations are the sheet thickness variation as well as the material 
variations such as stress-strain curve of the structural components, but also variations in 
the test setup such as the pendulum velocity and angle of approach on impact are taken 
into account. The effect of including the component forming in the analysis is 
investigated, where the variations on the material parameters are implemented prior to the 
forming. An additional objective is to analyse the influence of simulation and model 
dependent variations and weigh their respective effect on intrusion with the above stated 
physical variations. 
 
A submodel is created due to the necessity to speed up the simulations, since the 
numerous parameter variations yield a large number of different designs, resulting in 
multiple analyses. 
 
Important structural component sensitivities are taken from the results and should be used 
as a pointer where to focus the attention when trying to increase the robustness of the cab. 
Also, the results show that the placement of the pendulum in the y direction (sideways 
seen from the driver perspective) is the most significant physical parameter variation 
during the Swedish pendulum test. It is concluded that to be able to achieve a fair 
comparison of the structural performance from repeated crash testing, this pendulum 
variation must be kept to a minimum. 
 
Simulation and model dependent parameters in general showed to have large effects on 
the intrusion. It is concluded that further investigations on individual simulation or model 
dependent parameters should be performed to establish which description to use.  
 
Mapping material effects from the forming simulation into the crash model gave a slight 
stiffer response compared to the mean pre-stretch approximations currently used by 
Scania. This is still however a significant result considering that Scanias approximations 
also included bake hardening effects from the painting process.





 

Preface 
This thesis is our final assignment in the Master of Science education in Mechanical 
Engineering. The work has been performed at the Division of Solid Mechanics, 
Linköping University on behalf of Scania CV AB in Södertälje, during the autumn 2006. 
 
The thesis aims to clarify which physical parameter variations that have a considerable 
effect on the intrusion response during the second part of the Swedish crashworthiness 
test. In addition, the effects of changing model descriptions in the FE-model are studied. 
 
We would like to thank our supervisors, Michael Öman at Scania CV AB in Södertälje 
and David Lönn at the Division of Solid Mechanics. Michael for his well performed 
guidance throughout the thesis and David for his pedagogic help and his tolerance of our 
mischiefs, especially the Christmas tree in his office. We appreciate the assistance from 
Björn Ratama, who replaced Michael when he was abroad.  
 
We would also like to thank our examiner Professor Larsgunnar Nilsson, the staff at the 
Division of Solid Mechanics and the RCCC group at Scania. 
 
 
Linköping in January 2007 
 
Jens Raine Henrik Engström 



 



 

 

Contents 

1 Introduction.................................................................................................................... 1 

1.1 Background ............................................................................................................. 1 
1.2 The Swedish cab crashworthiness test .................................................................. 2 
1.3 Objective .................................................................................................................. 3 
1.4 Methodologies and tools ......................................................................................... 4 
1.5 Outline of the report ............................................................................................... 5 

 

2 Simulation theory........................................................................................................... 6 

2.1 System behaviour due to the thin walled structure of the cab............................ 6 
2.2 Variables and distributions.................................................................................... 6 
2.3 Metamodel based Monte Carlo analysis ............................................................... 7 
2.4 Analysis of variance (ANOVA), coefficient of correlation ................................ 11 
2.5 Stochastic contribution analysis .......................................................................... 14 

 

3 Submodelling of crash model ...................................................................................... 15 

3.1 Original FE model................................................................................................. 15 
3.2 Submodel ............................................................................................................... 15 
3.3 Reliability of the submodel................................................................................... 17 

 

4 Effects of model description........................................................................................ 19 

4.1 Approximations of forming effects...................................................................... 19 
4.2 Formulation of strain-rate effects........................................................................ 20 
4.3 Spot weld configuration........................................................................................ 22 
4.4 Formulations of friction ....................................................................................... 23 
4.5 Mass scaling variation .......................................................................................... 24 
4.6 Hourglass control variation ................................................................................. 27 
4.7 Summary, effects of model description ............................................................... 30 

 

5 Parameter screening .................................................................................................... 31 

5.1 First screening ....................................................................................................... 32 
5.2 Second screening ................................................................................................... 39 
5.3 Third screening ..................................................................................................... 41 

 

6 Forming......................................................................................................................... 43 

6.1 All parts formed .................................................................................................... 44 
6.2 Only significant parts formed .............................................................................. 45 

 

 

 



 

7 The final parameter analysis....................................................................................... 47 

7.1 ANOVA .................................................................................................................. 48 
7.2 Correlation............................................................................................................. 48 
7.3 Stochastic contribution ......................................................................................... 49 
7.4 Discussion of the final parameter analysis.......................................................... 50 
7.5 Conclusion of the final parameter analysis ........................................................ 51 

 

8 Discussion...................................................................................................................... 52 

9 Conclusion .................................................................................................................... 52 

 

 
References 

Appendices  
 



1 

                                                                                                                                                 

1 Introduction 
This thesis concerns an FE-simulation based parameter analysis, where probabilistic 
methods are used to simulate uncertainties in real world crash testing. More specifically, 
this thesis aims to identify parameter variations that significantly affect the cab intrusion 
of a Scania R-series truck during the second part of the Swedish cab crashworthiness test. 
 
1.1 Background 
The implementation of optimisation in vehicle design has improved the performance of 
safety components, since structural safety components have become lighter and more 
efficient in absorbing crash energy. This conversely makes these new optimized designs 
more sensitive to variations in thickness, material behaviour and other factors that are 
difficult or impossible to control during manufacturing. 
 
Robust Design is an engineering methodology used to restrain these problems. The key 
idea behind Robust Design is to make the product insensitive to variations and 
disturbances, without eliminating the causes themselves, i.e. to make it withstand 
potential uncertainties in the manufacturing process or changes in the operating 
environment. 
 
Crashworthiness testing in the truck industry is at present a trial and error procedure 
based on experience or intuition. The outcome of small design changes on single crash 
components is not analysed until after real life testing, where changes that give an 
improved result is kept while the others are discarded [1]. This course of action is bound 
for improvement due to the fact that only a few changes can be introduced in order to 
investigate the effects properly. In addition, effects from test procedure caused by noise 
(uncontrollable variations in test setup) have been difficult to examine, because of the 
large amount of parameters that needs to be considered.  
 
However in recent years the development of new tools using the FEM and optimisation 
has opened up possibilities to perform sensitivity analysis in a relatively straight forward 
fashion. With use of programs such as LS-DYNA, [17], and LS-Opt, [17], it is now 
possible to introduce variations at the conceptual analysis level and study its influence on 
crash test results. 
 
This thesis was initiated by Larsgunnar Nilsson, Division of Solid Mechanics LiTH, and 
Michael Öman, Scania CV and PhD student at Solid Mechanics LiTH, as a part of a 
larger ongoing project concerning development of methodologies for achieving of robust 
designs. The foundation is a programme where universities perform research in 
collaboration with the automotive industry to strengthen Swedish global competitiveness 
in the field of crashworthiness. 
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1.2 The Swedish cab crashworthiness test 
Scania has a policy to attain a high crashworthiness standard on their trucks. The cabins 
have to conform to Swedish cab safety standards. The Swedish cab crashworthiness test 
focuses on the driver survivability. The test contains three steps and is performed on a 
single truck in the following order: 

• Step one; a 15 tonne (147 kN) static load is applied vertically on the top of the 
cabin. The bottom loading surface is shaped after the roof contours to avoid local 
deformations. 

• Step two; a cylindrical pendulum with a weight of 1000 to 1500 kg swings into 
the A-pillar at the driver side with an angle of 15 degrees from a height of 
approximately 3 m. The centre of gravity of the pendulum should be aligned 
behind the impact point in the direction of motion at contact. The energy of the 
stroke should be 29.4 kJ. 

• Step three; a rectangular pendulum with a weight of 1000 to 1500 kg is released 
from a height of approximately 3 m into the back side of the cabin. The energy of 
the stroke should be 29.4 kJ. 

 
The test requirements are that there should be an intact survivable space in the cab, the 
doors should remain closed and the cab suspension should remain intact, [2], [3]. 
 
The crash analysis model studied in this thesis describes the second part of the Swedish 
cab safety test, where the cylinder hits the A-pillar on the driver side. 

 
Figure 1.1 The LS-DYNA crash analysis model used to simulate the second part of 
the Swedish cab safety test 
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1.3 Objective 
The main objective of this thesis is to clarify which parameter variations on a Scania R-
series cab that have significance on the intrusion responses during the second part of the 
Swedish crashworthiness test. The parameter variations examined are component 
thicknesses and material properties acquired from production as well as variations in the 
test setup, i.e. velocity and position of the pendulum. This parameter study is a step in 
creating a robust design, i.e. a structure insensitive to design parameter changes arising 
mainly from quality and accuracy differences in production. 
 
An additional objective is to analyse the influence of simulation- and model dependent 
variations and weigh their respective effect on the intrusion with the above stated 
physical variations. Simulation- and model dependent parameters are for example; mass 
scaling factor, hourglass control factor and strain rate dependency. These are model 
descriptions chosen, sometimes arbitrary, by an analyst upon simulation.  
 
Furthermore, it is Scania’s wish to include material changes arising from the forming of 
shell structure components and determine their effect on the cab intrusions.
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1.4 Methodologies and tools 
Sensitivity analysis 
The foundation of the parameter analysis performed, relies on the implementation of a 
sensitivity analysis (SA) in FE-based simulations. This method can be used to determine 
factors that cause a certain variation in a model response during simulation. sensitivity 
analysis is in general used in a number of fields such as financial applications, risk 
analysis, signal processing and many more where there is a reason to use a model to 
describe reality, [2]. 
 
Metamodel approximation  
A crash analysis simulation depends on a large variety of factors. It is important to 
incorporate all factors that may cause a significant variation on the target responses in 
order to get a meaningful result. This however makes the analysis CPU-expensive as the 
number of variables is directly related to the cost of performing the simulations. The SA 
is therefore conducted by using a metamodel based approach, the response surface 
methodology (RSM). Responses are approximated by fitting surfaces to the scatter of 
structural results, using polynomials of different orders as basis for the approximations. 
This keeps simulation cost reasonable since evaluations on these surfaces require less 
computing power compared to evaluating every design point with an FE-simulation.   
 
Variable screening 
The screening methodology is usually implemented in a simulation based design 
optimisation where a large amount of design variables are present. This in order to 
eliminate insignificant variables and reduce CPU-cost while keeping accuracy. The 
method is implemented prior to the optimisation by evaluating response sensitivities to 
the different variables through the use of linear response surfaces in a metamodel based 
Monte Carlo simulation. Then by removing the variables that have insignificant influence 
on the analysis objective, one gets a smaller optimisation problem, see [5]. 
 
The methodology is of course also applicable in a pure sensitivity analysis. In this thesis, 
the same approach is used, with the difference that it is divided into three parts instead of 
one; the first part including all conceivable variables of interest and then two screenings 
to further examine material variation. After performing three screenings, one has a subset 
of input variables to include in the final parameter analysis where a higher order response 
surface can be used, yielding higher accuracy in the response approximation. 
 
Tools 
The simulation related programs used are: LS-Prepost, [17], as an pre- and postprocessor, 
LS-DYNA (version 971), [17], as an explicit solver that handles large deformations, 
Fastform, [18], for forming simulations and LS-Opt (version 3.1), [17], to perform 
variable screening and the final SA. The LS-DYNA simulations are performed on a nine 
node Linux cluster, enabling LS-Opt to perform nine LS-DYNA simulations 
simultaneously, this resulting in shorter simulation times. 
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1.5 Outline of the report  
This thesis is written in a chronological order, i.e. listing by time, the earliest work to the 
latest. The results from the different analyses are presented in each chapters respectively, 
leading up to a discussion and conclusions in the final chapters. 
 

• Chapter 2 describes the theory of the simulations performed to clarify the used 
methods, and some system behaviour of the cab structure. 

• Chapter 3 introduces the creation of the submodel that is used in the sensitivity 
analysis. 

• Chapter 4 deals with effects of changing model descriptions, e.g. spot weld 
modelling, strain-rate dependency etc.  

• Chapter 5 handles the parameter screening where the majority of insignificant 
variables are eliminated from the total set of variables. 

• Chapter 6 describes forming analysis and its effects on intrusion. 
• Chapter 7 handles the final parameter analysis on the subset of parameters 

remaining from the screening.  
• Chapter 8 and 9 present a discussion of the results and a conclusion. 
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2 Simulation theory 

This chapter is used to clarify some features being used or taken into consideration during 
the parameter analysis and should be regarded as an explanatory text. 
 
2.1 System behaviour due to the thin walled structure of the cab 
When the cab is exposed to an outer load that causes it to deform plastically, the 
deformation is predominantly buckling. This is due to its thin walled shell structure. The 
cab is constructed to yield a controlled buckling behaviour, i.e. to deform in a determined 
buckling pattern which consumes crash energy in an efficient way and produces a smooth 
resulting force over time. However, if small material- or geometrical anomalies are 
present it is hard to predict the effect these have on the structural response. These 
anomalies can in a worst case scenario trigger local buckling modes to change direction 
during deformation and make the buckling behaviour uncontrolled and inefficient. Only 
general conclusions could be made, for example; if an increase of all shell thicknesses is 
made the intrusion will decrease, but if a small increase is performed locally it could even 
lead to a larger intrusion response. A sensitivity analysis can indicate if such changes in 
buckling modes happen during a parameter variation. If a small variation of a 
components thickness for instance induces a large effect on the intrusion, it could be the 
result of a local buckling direction change that causes a ripple effect in the structure and, 
consequently, inefficient deformation. 
 
2.2 Variables and distributions 
Variables 
The variation of the physical parameters in this thesis is performed using LS-Opt, 
assigning the variables probabilistic distributions describing their variations. 
 
Two different types of input variables are used; control variables and noise variables. A 
control variable can be controlled in the design, analysis, and production level. It can 
therefore be assigned a nominal value and upper and lower limits in addition to its 
distribution. A noise variable on the other hand is difficult or impossible to control on a 
design and production level, but can be controlled at the analysis level. It will be assigned 
a distribution according to assumptions made on its real variation. An example of a 
control variable is the shell thickness of a component before forming, where the limits are 
specified from the plate manufacturer through statistical measuring. An example of a 
noise variable is the position of the pendulum when it hits. It is difficult to determine 
limits on this variable exactly, an upper and lower bound cannot be presented since there 
is no statistical data to secure its variation. The closest one comes to specify the 
pendulum position variables is to assign a mean value according to the standard of the 
test and then based on assumptions specify a distribution, see [5]. 
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Normal distribution 
All variables in this thesis, i.e. thickness, material, and test setup parameters are assumed 
to be normally distributed in their respective design range. A normal distribution is 
symmetric and centred about the mean value with a standard deviation σ estimated as:  
 

   ∑
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Where x  is the mean value defined as: 
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2.3 Metamodel based Monte Carlo analysis 
The Monte Carlo analysis is a probabilistic analysis that investigates the reliability of a 
system and the effect of parameter variations on system responses. The responses in a 
crash analysis can be highly nonlinear and have random components due to noise 
variables. The noise variables themselves are estimated prior to a Monte Carlo analysis, 
and their correlation to responses can then be found. 
 
Pure Monte Carlo analysis 
A pure Monte Carlo analysis selects the experimental design points in a random fashion, 
considering the probability density function of the variables. The structural response at 
each point will be evaluated. This method demands a great number of experimental 
points, which leads to a large number of FE-analyses. This can be crucial in a crash 
analysis, where one simulation often demands a lot of computing time. The advantage of 
a pure Monte Carlo analysis is that it is an accurate method and it can also be useful for a 
problem with hundreds of variables, where response surfaces will be too expensive to 
construct. 
 
Metamodel based Monte Carlo analysis 
A different approach is to build a response surface and use it as a metamodel. The 
response is approximated from a set of simulations, yielding an approximate solution to 
every design, which makes it possible to perform a large number of evaluations at a low 
cost using this approximation. 
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Figure 2.1 Describes the two steps performed in a metamodel-based Monte Carlo 
analysis 

 
Using approximations to examine sensitivity can be very cost efficient. The technique can 
still indicate if a variable is significant even in cases where the absolute accuracy is poor. 
There are three common techniques to build up a metamodel: polynomial, Kriging or 
Neural Net. The technique that is used in this thesis is the polynomial approximation, 
which is the standard and default option in LS-OPT. The metamodel can be described as 
either a first or second order polynomial surface. The polynomial metamodel surface is 
fitted to the responses using least square minimisation. To understand the metamodel 
creation, consider a single response y dependent on a number of variablesx , i.e. 
 
      )(xη=y    Equation 2.3 

 
The exact relationship is then estimated through a polynomial approximation 
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The basis functions iφ  are dependent on the design variablesx , and ib  are weighting 

coefficients to be determined, commonly known as regression coefficients. 
 
Next, the unknown coefficients ib  are determined on the basis of a least square fit of the 

errors between the exact relationship )(xη  and approximation )(xf at the selected 
experimental points, i.e 
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where P is the number of experimental points dependent on the order of the 
approximation used and the number of variables. The minimum number of simulation 
points is presented in Table 1.1. 

 
Table 1.1 Minimum number of simulations,minN  as a function of the number of 
variables, n 

 
 

In order to increase the accuracy and filter out noise, over sampling can be used. A 
recommendation is to use 1.5 times the minimum number of simulations for a linear 
approximation and 1.6 for a quadratic. The points are selected according to a so called 
Design of Experiment, DOE, to create the best possible metamodel fit, [6], [15].
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Point selection for creation of metamodel  
The accuracy of the metamodel relies on the set of designs on which it is based, i.e. on a 
well chosen set of evaluation points. The design set is in our case created in two steps; 
first a so called basis experiment is produced in a stochastic fashion which contains a 
large number of different designs, and then through a special selection methodology the 
final design set is chosen. A couple of methods are available, for creation of the basis 
experiment and final design set. However, when dealing with a large number of 
parameters the numbers of feasible methods are limited.  
 
The use of Latin Hypercube or full factorial basis experiment creation is recommended 
when using polynomial approximations. In the first screening, a Latin Hypercube method 
is prefered over the full factorial method, since the latter would result in a vast number of 
design points, consisting of a minimum 2k points where k is the number of variables, 
which is computationally excessive. In the last screening and final parameter analysis 
though, where the number of variables is reduced, a full factorial method can be used. 
This is desirable as it produces a basis experiment with an even distribution of the design 
points within the domain. 
 
The D-optimal design criterion is used in all experimental setups and it is the 
recommended methodology when using polynomial response approximations. It is 
applied to the set of base experiments and selects an optimal set of points for the creation 
of the metamodel. The method uses an algorithm based on a least square fitting the 
selects points in the design space to get a good representation of all variations, [5], [6]. 
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2.4 Analysis of variance (ANOVA), coefficient of correlation 
In order to determine the relationships between parameter variations and intrusion 
responses two methodologies are available in the LS-OPT software. In LS-OPT easy 
evaluations of the Monte Carlo analyses are possible through bar charts displaying 
different statistical results. In the first screening to get an understanding of the response 
reaction to variable variation, both the ANOVA results and the coefficient of correlation 
are studied. In the following screenings it is considered sufficient to focus on the 
ANOVA results. 
 
Analysis of variance (ANOVA) 
Studies of the ANOVA results are performed in order to determine the importance of 
each variable both in the screening process and in the final parameter analysis. With this 
tool, the variables detected as insignificant are removed from the next stage of the 
variable significance analysis. Fewer variables reduce the amount of computations and 
enable an opportunity to make an even more accurate approximation of the responses. 
The theory behind ANOVA in LS-OPT relies on a number of steps where for each input 
variable, a hypothesis regarding contributory relation between variable and response is 
answered. The method investigates the regression coefficients ( ib in equation 2.5) 

pertaining to the variables in the polynomial metamodel functions, and evaluates and 
ranks the importance with respect both to the size of each coefficient and to its level of 
confidence.  

 
Therefore a variable with a small regression coefficient, and/or a large confidence 
interval where the statistical evidence is small, is a candidate for exclusion. However, if 
the variance of a variable is very large, a small regression coefficient could be enough for 
creating large response variations. 
 
LS-OPT present the result of the ANOVA in a bar-chart where the terms have been 
normalized with respect to the size of the design space, i.e. the choice of units becomes 
irrelevant and a reasonable comparison can be made for variables of different kinds. For 
an example, see the material curve variation and thickness variation in Figure 2.3, [6], [8]. 
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Figure 2.2 ANOVA result plot in LS-OPT. The magnitudes of the bars illustrate the 
relative significance of the variable. The magnitude of the red portion provides a 
relative indication of the confidence in the value of the regression coefficient for 
each variable. From [6]. 

 
Coefficient of correlation 
The coefficient of correlation is not to be taken as a definite result of dependency 
between a variable and response. It does however involve dependency by showing the 
magnitude and direction of linear relationship between the two. Therefore the correlation 
coefficient can be used in a screening to show the strength of a linear trend between a 
variable and response. If a large amount of variables shows no correlation to responses 
when using a linear metamodel, it can be taken as an indication to increase the order of 
the response approximation. A small correlation could on the other hand show that the 
variation of a response is caused by other variations, that is, if a linear trend exists 
between an investigated variable and its response. Figure 2.2 illustrates an example of 
different degrees of positive linear relationship and corresponding coefficient values. 
 

 
Figure 2.3 Values obtained by the coefficient of correlation, when linearity between 
a variable (x-axis) and response (y-axis) is showed in a decreasing order. 
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The coefficient of correlation ρ is equal to 1 in the case of a perfectly increasing linear 
relationship, −1 in the case of a perfectly decreasing linear relationship, and some value 
in between in all other cases, indicating the degree of linear dependence between a 
variable and the response. The closer the coefficient is to either −1 or 1, the stronger the 
correlation between the two. This does not mean that a large value on the coefficient 
imply that the effect of a variable variation on the response is large, and vice versa, only 
that the linear relationship is strong. 
 
The correlation between a variable X and the response Y is calculated through dividing 
the covariance with the corresponding standard deviations multiplied: 
 

                   
( )

YX

YXCov

σσ
ρ ,=    Equation 2.3 

 
The covariance is calculated through the equation: 
 
             ( )( )[ ]YX YXEYXCov µµ −−=),(   Equation 2.4 
 
where Xµ , Yµ  denote the expected values of the variable and responses respectively, 
[6], [9]. 
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2.5 Stochastic contribution analysis 
ANOVA does not present the quantitative result on the responses, i.e. measurements of 
actual intrusion changes into the cab. For this, one needs to calculate the stochastic 
contribution which shows the change in standard deviation on the response distribution as 
result of single variable variation. The stochastic contributions from the physical 
variables are presented for the results of the final analysis in order to be able to weigh 
their effects on intrusion against simulation model dependent variations. 
 
When a second order polynomial approximation of the responses is used, a second order 
estimation of the stochastic contribution is also required. The effect of a variable can be 
described in terms of its main or total effect. The main effect for a variable is computed 
as if it is the only variable in the system. The total effect also considers the interaction 
terms in the functional relationship between variables and a response which might be 
significant. The variables variations are still assumed to be independent of each other but. 
their coupled effect on a response may be important. Equations for how the second order 
stochastic contribution is calculated in the final analysis is not presented here but rely on 
the theories developed by W. Chen et al. Calculation of both main and total stochastic 
contribution is automatically performed in LS-OPT when using metamodels, [6], [16]. 
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3 Submodelling of crash model 

3.1 Original FE model 
The original FE model is a model that has been used by Scania to simulate the pendulum 
test. It is a comprehensive model with all important structural parts included. There are 
nevertheless some simplifications, e.g. in the material properties of the shell structures 
obtained after forming. The forming characteristics are only described through assigning 
a mean strain factor to the entire part, while in reality the plastic strains become 
concentrated in regions of radii. 
 
3.2 Submodel 
The creation of a submodel is a necessity to speed up the simulations, since a sensitivity 
analysis with numerous parameter variations will result in a large number of different 
design cases. The submodel consists of the upper corner on the left cab side including the 
A-pillar, excluding the parts defining the door and the door hinges. The door is built to 
yield and deform away from the driver and is hence assumed and proven to have little 
effect on the intrusion responses. This has been verified when comparing results from the 
submodel and the original model. This fact makes the correlation analysis independent of 
whether the door is included or not. 
 
Boundary definitions of the submodel are created by linking the motion of the edge nodes 
in the submodel to the motion of the corresponding nodes of the original model. Thus the 
position in time is “recorded” every microsecond and then given as input to the submodel. 
This is done by using the keyword cards *INTERFACE_COMPONENT_NODES to 
store the motion from the original model in files, and *INTERFACE _LINKING_EDGE 
to include these files to the submodel simulations. 
 

 
Figure 3.1 The triangles on the edges symbolise the node set with prescribed 
motions that describes the boundary conditions for the submodel 
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The submodel consists of 18 parts (see Figure 3.2), apart from the pendulum and its 
chains. The parts consist of either three or four nodes 3D shell elements. The pendulum is 
described as an un-deformable surface and its chains are modelled by beam elements. 

 
Figure 3.2 Explode view of the submodel, excluding the pendulum and its related 
chains 
 
Table 3.1 Definition of parts in Figure 3.2 

Part id Part title  Part id Part title 

1 Roof hatch frame  10 Roof panel LH 

2 
Roof member kpl 

LH 
 

11 B-pillar cover LH 

3 
Roof member 

front LH 
 

12 A-pillar LH 

4 
Roof member 

front cover plate 
 

13 
Windscreen low 

crossmember 
5 Crossmember  14 Coverfixation LH 
6 Roof panel  15 Windscreen 
7 B-pillar LH  16 Windscreen low 
8 Sidemember LH  17 A-pillar in LH 
9 Sidemember LH  18 A-pillar LH 
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3.3 Reliability of the submodel 
To verify the reliability of the submodel, an investigation is performed regarding the 
difference between the original model and the submodel, as well as with standard setup 
and also with some kind of variations applied (the same variations in both models). The 
variations are scaling of thicknesses and stress-strain curves, scaled 10 % up and 10 % 
down for every component in the submodel and equivalent sub-sector in the original 
model. Responses used to describe survivability are the intrusions of a set of nodes in the 
upper left corner of the cab, see Figure 3.3. The responses are studied in the global x and 
y directions , as only small displacements occur in the z direction. 
 

 
Figure 3.3. Nodes in the upper left corner seen from the inside of the cab from 
where the intrusion responses are studied 

 
Plots comparing intrusion differences between the original model and the submodel can 
be found in Appendix A. The graphs are divided into cases (unscaled, thicknesses scaled 
up/down, material curves scaled up/down) and each case into its global x and y directions. 
The perhaps most important direction is the x direction in which the largest deformations 
occur. 
 
The difference in intrusion between the original model and the submodel for the un-
scaled case is expected because of the door exclusion. This can also be seen in the other 
cases except when a down-scaled material curve is used, where the results are more 
spread. The larger the variations are the more will the models differ. This is due to that 
the motion of the boundaries of the submodel are described from the standard setup case. 
However, in perspective when dealing with variations such as expected in the Swedish 
test these differences are small and the structural behaviour of the models over time alike, 
cf. Figure 3.4.  
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Figure 3.4 Responses from original and from submodel average x and y intrusion, 
for the standard setup case 

 
The conclusion is that the submodel is adequate for use in a study of parameter 
significance when parameter variations are not too large, as the variations analysed in this 
thesis. 
 
In the subsequent parameter study, the six nodal intrusion responses on the cab are 
presented with two responses defined as the average x and y intrusion for node id’s 36085, 
109997, 110319, 110343, 110451 and 110689, which can be seen in Figure 3.3. This to 
get a better estimate of the effect of the parameter variations on the intrusion of the whole 
corner. Hopefully, local effects are smoothened out as the deformation at one particular 
node probably is subjected to some noise. 
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4 Effects of model description 

The effects on intrusion responses are determined for the following differences in model 
description: 
 

• Different material descriptions used to approximate forming effects. 
• Different formulations of strain-rate effects. 
• Change of spot weld configuration. 
• Different formulations of friction. 
• Mass scaling variation. 
• Hourglass control variation. 

 
The influences on the intrusion, when changing between different descriptions, are 
analysed one by one in separate LS-DYNA simulations. 
 
The responses that are analysed are the average x and y intrusions for the six nodes 
attached to the cab, which can be seen in Figure 3.3. The directions of x and y are shown 
in Figure 4.1. 
 

 
Figure 4.1 Top view of the x and y directions relative to the submodel of the cab 

 
4.1 Approximations of forming effects 
Scania is currently using two different material descriptions where they approximate the 
forming effects by a pre-stretching factor, and the effects gained during the painting 
process in which painted components are bake hardened. The material description is 
simply investigated by making a tension test on a pre-stretched and bake hardened 
specimen. The effects of using a material model with only nominal material data are also 
studied. 
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The material models that are studied: 

• Forming effects are approximated with a fixed value of 7 % pre-stretching and 
bake hardening effects are included. 

• Forming effects are approximated with a fixed value of 2 % pre-stretching and 
bake hardening effects are included.  

• Nominal values from the steel manufacturers, i.e. no pre-stretching or bake 
hardening effects are included. 

 
A comparison with the different setups shows that the change in displacement in the 
submodel when using a 2 % pre-stretching factor or a 7 % pre-stretching factor, where 
the bake hardening effects are included in both cases, is small. At most a difference in 
intrusion of 2.5 mm is measured in the x direction when changing from the two cases, see 
Figure 4.2. There is however a significant difference in the intrusions if a pre-stretched 
and bake hardened material model is compared to a model based on nominal values. At 
most an intrusion difference of the response in the x direction of 15 mm is shown, at time 
140 ms cf. Figure 4.2. It is Noticeable that the response becomes stiffer with the 2 % pre-
stretching factor compared to the case where a 7% pre-stretching factor is used. 
 

 
Figure 4.2 Difference in intrusion of the x response to the left and the y response to 
the right when changing from a 7 % pre-stretched and bake hardened material 
description to nominal material data (curve A) or a 2 % pre-stretched and bake 
hardened material (curve B) 

 
4.2 Formulation of strain-rate effects 
Two different formulations for describing strain-rate dependency in the piecewise linear 
plastic material, which is the material model used in the cab, are compared with respect to 
the responses in LS-DYNA. One which Scania currently uses, where the option VP 
equals 1 i.e. in the LS-DYNA material keyword card. This corresponds to a viscoplastic 
formulation. While the other, where VP equals 0, correspond to a non viscoplastic scaling 
of the yield stress. Both options use a definition of the static true yield stress according to 
the 7 % pre-stretched and bake hardened material description. The two formulations are 
defined as: 
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I. VP=0; Rate effects are accounted for with the use of scaling by the Cowper and 
Symonds model which scales the yield stress with a strain rate dependent factor β  
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where C and p are user defined input constants, andε&  is the strain rate defined as 

           ijij εεε &&& =     Equation 4.2 

 
II. VP=1; Viscous effects are accounted for, by using an equation that depends on the 
effective plastic strain rate peffε&  instead:  
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   Equation 4.3 

 
The differences in x and y intrusions when changing to a non viscous formulation (VP=0) 
for the piecewise linear plastic material are relatively large. The structure behaves stiffer 
with a decrease of the intrusion up to 19 mm in the x direction and 12 mm in the y 
direction respectively, see Figure 4.3. 
 

 
Figure 4.3 Difference in intrusion of the x response to the left and the y response to 
the right when changing from using viscoplasticity to yield stress scaling 

 
Further options are available than the two examined. It is for example possible to define 
stress-strain curves for different strain-rates and interpolate between them during the 
analysis. Or to use a fully viscoplastic method, that incorporates the different options for 
rate effects within the yield surface. However, these results show how important it can be 
to use an accurate definition of the strain-rate dependency, when dealing with high rates 
of deformation.
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4.3 Spot weld configuration 
To analyse the influence of weld definitions in LS-DYNA a comparison has been made 
between the original submodel with generalized spot welds compared to two mesh 
independent spot weld configurations, i.e. massless spot welds between non-contiguous 
nodal pairs and spot welds connected between nodes which are constrained to elements 
surfaces. The mesh independent welds are defined as beam elements in the first 
comparison and as six sided solid elements in the second comparison (constant stress 
solid element). Both weld types use the LS-DYNA material model MAT_100 and have 
the contact definition TIED_SHELL_EDGE_TO_ SURFACE. All spot welds are 
modelled nodal points of the shell elements and no analysis of the influence on the 
placement of the spot welds have been performed. 
  

  
Figure 4.4 The left picture shows a spot weld modelled with a beam element. The 
right picture shows a spot weld modelled as a solid element. Both spot welds are 
placed at nodal points 

 
The diameter of the beam elements is based on the thicknesses of the plates welded 
together and the elements are defined with only three degrees-of-freedom at each node, 
where no rotational degrees-of-freedom are included. This is the easiest discretization 
effort to model spot welds with finite elements [10]. The beam elements can carry axial 
and shear stresses but cannot transfer torsion. 
 
In the solid element comparison, three out of 335 spot welds are modelled with four 
Hexagonal elements each, as they could not be directly converted to single solid elements. 
It is assumed that this does not have a significant impact on the responses. As in the beam 
description, the spot weld sizes are based on thicknesses of the plates welded together. 
One solid element is used for each weld which has been shown to be enough to represent 
spot weld stiffness in the normal and shear directions. It does however not represent 
bending or torsion that well [11]. 
 
The original spot welds are expressed with the LS-DYNA keyword card; 
*CONSTRAINED_ GENERALIZED_WELD_ SPOT and these welds can undergo large 
rotations since the equations of rigid body mechanics are used to update their motion. The 
welds are set so that they deform or brake, see [6]. 
 
The comparison shows that the simulation time grows approximately with a factor of four 
with the new mesh independent spot welds. This could be improved by using mass 
scaling to increase the time step. The mass scaling does not affect the real inertial 
behaviour of the global structure if the smallest time step corresponds to the size of the 
beam or solid elements used, which are the smallest elements in the submodel.  
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The submodel becomes slightly stiffer when looking at the weld configuration with beam 
elements and even stiffer when using solid elements, see Figure 4.6 for simulation results. 
It is known that the placement of spot welds has an influence on the stiffness, especially 
in our case where the weld is placed in corner of elements which leads to a considerable 
stiffer response, see [11]. This could be an explanation of the stiffening and could be 
improved by moving the spot welds into the elements.  
 

 
Figure 4.5 The spot weld placement has a large effect on stiffness when using a 
mesh independent weld formulation. The left picture shows a spot weld placement 
on the corner of elements and the right picture a better placement within an element. 
The spot weld in this example is described by one solid element 

 

 
Figure 4.6 The difference in x intrusion to the left and the y intrusion to the right 
when changing from a general spot weld configuration to a beam element or solid 
element characterisation of the spot welds 

 
4.4 Formulations of friction 
The submodel has been analysed and compared when two different descriptions of the 
friction is used. In the first description the coefficient of friction is a constant, see 
Equation 4.4. The other description also take the dynamic effects into account and 
includes a term that depends on the relative velocity between the slave node and the 
master surface in contact, see Equation 4.5. In the static description a value 0.3 of the 
static friction coefficient is used and in the formulation where the dynamic effects are 
accented, a value of 0.15 of the static coefficient and a value of 0.08 of the dynamic 
coefficient is used. 
 

FSc =µ     Equation 4.4 
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       relv
c eFDFSFD −−+= )(µ   Equation 4.5 

 
FS is the static part of the coefficient of friction, FD the dynamic part and vrel the relative 
velocity in the contact. The values set on FS and FD are commonly used by Scania and 
therefore also used in this analysis. 
 
As expected when including the dynamic friction, which in reality lowers the coefficient 
of friction, the displacements becomes larger. The changes are however not that dramatic. 
An increase of about 10 mm is observed in the x intrusion of the average response, see 
Figure 4.7. 
 

 
Figure 4.7 The difference when changing from a static friction formulation to a 
dynamic. x intrusion to the left and y intrusion to the right  

 
4.5 Mass scaling variation 
Mass scaling is used by increasing the density on single elements to allow a larger time 
step and as a consequence reducing the CPU cost in a dynamic analysis. Care has to be 
taken since mass scaling may influence responses due to modification of the dynamic 
properties. This from Newton’s second law, force is equal to acceleration times mass. 
The effect of the influence can however be controlled. If mass is added only to a small 
amount of elements that has a small influence on a response, the dynamic effects can be 
neglected. The amount of mass scaling used is an adjustment made by the analyst. If the 
increase in mass is too large, it may cause penetration problems and inaccurate kinetic 
energies, see [12]. 
 
The time step in the submodel is chosen by LS-DYNA and calculated for every step in 
the simulation. The size of the time step is given by Equation 4.6, when using explicit 
time integration: 
 

E
Lt

ρ
min=∆    Equation 4.6 

Here minL  is the shortest distance between two nodal points, ρ  is the density and E  is 
the Young’s modulus.  
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The mass scaling influence on displacements is examined through nine separate FE-
analyses with different values on the DT2MS option under the *CONTROL_TIMESTEP 
card in LS-DYNA. This parameter will control the minimum time step allowed for each 
element by the use of the equation [6]:  
 

MSDTTSSFACt 2⋅=∆   Equation 4.7 

 
Where TSSFAC is a time step scale factor set to 0.9.  
 
A negative value is set on DT2MS in order to scale mass if and only if it is necessary to 
meet the Courant time step criterion. This basically means that only the elements which 
initially have a time step smaller than t∆  are mass scaled.  The values on the DT2MS 
variation is set to allow the minimum time step to vary between the original time step 
used in the submodel (no mass scaling) and a step size twice as large (mass scaling on all 
elements with a smaller initially calculated time step than the current t∆ ), see Equation 
4.9. 

                                     

   
 

Equation 4.8 gives that the minimum time step varies between: 
 

           
 

 
From the results it is clear that the amount of mass scaling has a significant influence on 
all responses. In the Figures 4.8 and 4.9, one can see that when increasing the smallest 
time step allowed to a value larger than 0.0017, the intrusions increase dramatically. The 
increase of the displacement for the x response is above 14 mm when a step size twice the 
original is used. 
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Figure 4.8 Plot of the x displacement change when scaling DT2MS, which leads to 
a variation of the minimum time step allowed, t∆ . The line is a third order 
polynomial trend line. The displacement is in mm 
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Figure 4.9 Plot of the y displacement change when scaling DT2MS, which leads to 
a variation of the minimum time step allowed, t∆ . The line is a third order 
polynomial trend line. The displacement is in mm 
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4.6 Hourglass control variation 
The use of under-integrated shell elements requires a stabilisation to prevent undesired 
hourglass modes. The truck model uses a stiffness based hourglass control, which means 
that an artificial stiffness is applied on each element where these spurious modes appear. 
In order to study the influence of hourglassing on the mesh, one simulation is executed 
without hourglass control. This generated an overall softer response in the sub-model 
with displacement changes of sizes about 10 mm. However, the generated mesh is visibly 
distorted in many locations with lots of hourglass shaped elements present. 
 

 
Figure 4.10 Hourglass shaped elements 

 
Hourglass modes should not be allowed to develop since these deformations are purely 
numerical. Instead a variation on the hourglass coefficient QH, which scales the amount 
of hourglass stabilisation, is examined in eight FE-analyses to determine its influence on 
intrusion and the location of concentrated hourglass energy. The variation on QH in the 
eight analyses is distributed between 0.05 and 0.15 as larger values may cause 
instabilities, see [7]. 
 
A larger hourglass stability control coefficient generates a stiffer response and the 
difference in total displacement resides around a 5 mm spread on the x intrusion. The 
displacement change in x and y directions for the corner nodes with respect to hourglass 
coefficient variation can be seen in Figure 4.11 and 4.12. 
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Figure 4.11 The total x displacement due to variation of the hourglass stability 
control coefficient. A trend-line is fitted to the results and the displacement is in 
mm 
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Figure 4.12 The total y displacement due to variation of the hourglass stability 
control coefficient. A trend-line is fitted to the results and the displacement is in 
mm 
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The hourglass density is examined in LS-PREPOST by plotting the ratio between 
hourglass and internal energy for the parts that undergoes the largest deformation. This is 
done with three different values on the hourglass coefficient 0.05, 0.1 and 0.15. 
 
The three graphs in appendix B show that three of the parts have a larger hourglass 
density for most of the deformation sequence; these are the two structure components that 
comprise the Sidemember, and the component that comprise the inner part of the A-pillar. 
A concentration of hourglass energy for these three parts can generally be seen where the 
largest deformations occur, i.e. in the area where the pendulum hits and in areas where a 
global buckling occurs, see Figure below. 
 

 
Figure 4.13 Hourglass energy density for the inner part of the A-pillar and the 
Sidemember 

 
The negative peak on the hourglass energy seen in Appendix D for the Crossmember 
when using QH equal to 0.1 or 0.15 is due to some sort of instability occurrence in the 
corner where the pendulum hits [13]. This instability does however not occur when using 
QH equal to 0.05. Perhaps this would be a better value to use since the intrusion 
difference is small compared to using QH equal to 0.1.
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4.7 Summary, effects of model description 
A visualisation of the influence that different descriptions have on intrusion is shown in 
Figure 4.14. The original setup is used as the reference configuration, i.e: 
 

• 7 % pre-stretched and bake hardened material description 
• Viscoplastic strain-rate effect model 
• Generalized spot welds 
• Static friction description  
• No mass scaling 
• Hourglass control coefficient set to 0.1 
 

-20 -15 -10 -5 0 5 10 15 20

Hourglass coefficient

Mass scaling, time step doubled

Dynamic friction

Solid spot weld elements

Beam spot weld elements

Cowper and Symonds rate effect model

2 % pre-stretch and bake hardened

Nominal material data

Change in x intrusion
Change in y intrusion

 
Figure 4.14 Bar chart showing the change in corner intrusion for the different model 
description modifications. The values are maximum differences in the responses 
found from each separate study 
 

This study shows that it is important to use as correct model descriptions as possible. The 
question remains however which description to use and furthermore if a change is 
necessary considering the possible increase in modelling accuracy or simulation time. A 
general recommendation is to customize a model to fit the loading case. That is to restrict 
to changes that increase accuracy, but at the same time reduce simulation time and allow 
those changes in areas where they are really needed. 
 
Some model description choices may seem more obvious than others, e.g. the use of a 
viscoplastic formulation of strain-rate dependency, which is recommended over the 
Cowper and Symonds model when dealing with high rate and large deformations. The 
effect of different descriptions tabled above should therefore also be evaluated 
individually. For example, do not regard the hourglass coefficient as unimportant just 
because the effect is smaller than other effects.  
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5 Parameter screening 

As mentioned previously, the screening is divided into three steps. The first screening 
including all conceivable physical parameters i.e. thickness, material curves and test 
setup parameters. The second and third screenings are done to further analyse effects of 
material variations.  
 
The screening is based on the response surface methodology, RSM, in which linear 
response surfaces are used to create approximations to the design responses. The response 
surfaces are furthermore used to estimate the sensitivities of the responses with respect to 
the design variables through a metamodel based Monte Carlo analysis. The design of 
experiments is based on the D-optimality criterion with over-sampling to find the best 
metamodel fit and improve noise filtering.  
 
Mainly ANOVA results are used to determine the influence of each parameter variation 
on the responses. From these results it is determined if a parameter should be removed or 
not. The coefficient of correlation is only presented in the first screening to analyse the 
linear relationship between a variable and a response. 
 
A parameter is considered significant if strong statistical evidence from ANOVA shows 
that its variation contribute to the response in some extent, even if it is a modest 
contribution. Then, the risk of excluding variables incorrectly is eliminated. It should be 
noted that the influence from a design variable on a response also depends on the 
distribution of that variable, i.e. the estimations made of the variable variations. Variables 
with wider distributions have a larger possibility of influencing the response variations. 
 
The screenings are performed in the following order through separate metamodel based 
Monte Carlo analyses in LS-OPT:  
 

• First Screening 
Includes all conceivable physical parameters in which correlations between variables 
and responses are studied. Here the material variations are simply approximated by 
offsetting the stress strain curves with a scale factor.  

 
• Second Screening 
The purpose is to further examine the effects of material variations for the parts which 
have shown sensitivities to material variations in the first screening. The material 
variations are now approximated through the use of different stress-strain curves 
based on real material behaviour, i.e. more realistic variations in the plastic region.  

 
• Third Screening 
This screening uses the same kind of stress-strain curve variation as in the second 
screening, but here there are two sets of curve variations for each part, based on 
material data dispersions from two different steel manufacturers. The reason for this 
screening is to clarify if a change of manufacturer has significant effects on the 
intrusions responses. 
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5.1 First screening 
Setup 
A first order polynomial metamodel based Monte Carlo analysis is carried out to 
determine the significance of all conceivable physical variables that could have an 
influence on intrusion responses. 81 simulation points are used, which yields an over 
sampling of the problem to filter out noise, and the points are selected through the D-
optimal criterion from 81000 Latin Hypercube basis points. All variables are assumed to 
be normally distributed with mean values taken from the original model setup. The 
different variations are:  
 

• Physical: Thickness variation and offset scaling of the stress in the stress-strain 
curve for different components. 

• Variations in the test setup: Resultant pendulum velocity, angle of the velocity 
resultant in the x-y plane and position in the y and z directions of the pendulum 
upon contact. 

 

 
Figure 5.2 Top view of the submodel with illustrations of the variations in test setup 
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Table 5.1 Distribution used on physical variables 

Variable Type Mean value 
Standard 
deviation 

Minimum 
value 

Maximum 
value 

Scaling factor of stress-
strain curve 

Noise 
variable 

1 0.08   

Thickness of 0.8 mm 
plates 

Variable 0.8 0.055 0.71 0.89 

Thickness of 1 mm plates Variable 1 0.061 0.9 1.1 

Thickness of 1.25 mm 
plates 

Variable 1.25 0.072 1.13 1.37 

Thickness of 1.5 mm 
plates 

Variable 1.5 0.072 1.38 1.62 

Thickness of 1.75 mm 
plates 

Variable 1.75 0.084 1.61 1.89 

Velocity resultant (m/s) 
Noise 

variable 
7.66161 0.03   

Angle of velocity 
resultant (degrees) 

Noise 
variable 

15.0157 2   

Offset in y direction (mm) 
Noise 

variable 
0 30   

Offset in z direction (mm) 
Noise 

variable 
0 5   

 
The scaling factor of the stress-strain curve is in this screening based on standard 
deviations in tensile test data from the steel manufacturer. The thickness variations are 
based on normal tolerances according to the European standard for the nominal widths 
and thicknesses for the coil of the components, prior to forming respectively. The 
variation of the resultant velocity is simply approximated through the transformation of 
energy, i.e. potential to kinetic energy, this during the variation of the initial height (3 m) 
for the pendulum with 30 mm: 

 

2ghv
2

mv
mgh

2

=→=    Equation 5.1 

 
The angle variation of the resultant velocity in the x y plane and the offset variation in the 
y and z directions are based on assumptions of the initial position when releasing the 
pendulum. These are assumed to be quite small, larger in the y direction since the chains 
restrain the variation in the z direction. The variation in the test setup could in the future 
be better approximated by measurements from different real crash experiments. 
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ANOVA results 
The results from the ANOVA analysis performed in LS-OPT show which variables that 
have a significant influence on the responses. This is performed by evaluation of the 
regression coefficient and its confidence interval pertaining to each variable.  
 
A variable is labelled as significant in LS-OPT if 90 % of the confidence interval for its 
regression coefficient does not contain the value zero. That is, if a variable is labelled as 
significant, strong statistical evidence exists that the variable variation at least has an 
influence defined by the absolute value on the lower bound of the confidence interval. 
The ranking of significant variables is then based on this value, see Figure 5.3.  
 

 
Figure 5.3 Criterion in LS-OPT for the significance of a variable 

 
The results of the ANOVA analysis are presented for the x and y intrusion responses in 
Table 5.2 and 5.3. The ranking of significant variables are based on the absolute value 
discussed above. 
 
Abbreviation examples 
t1: Thickness in part 1 
mc1: Scaling of the material curve in part 1 
Ytrans: Offset of the pendulum in y direction 
Ztrans: Offset of the pendulum in z direction 
V_resultant: Velocity resultant in the x, y plane 
V_angle: Angle of velocity resultant
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Table 5.2 Variable significance on the x intrusion response. The absolute value on the 
lower bound of the regression coefficient for each variable is presented 

Variable Regression coefficient Variable Expansion coefficient 
t10 7.617 mc1 Insignificant 
t9 5.301 mc9 Insignificant 

mc12 4.666 mc4 Insignificant 
t12 4.206 mc2 Insignificant 

mc10 4.084 mc8 Insignificant 
t8 3.346 mc6 Insignificant 
t15 3.107 mc17 Insignificant 

ytrans 2.178 mc16 Insignificant 
mc15 2.098 mc7 Insignificant 

t6 Insignificant mc3 Insignificant 
mc11 Insignificant mc14 Insignificant 

V_resultant Insignificant t11 Insignificant 
t18 Insignificant t1 Insignificant 

mc18 Insignificant t17 Insignificant 
ztrans Insignificant t2 Insignificant 

V_angle Insignificant mc5 Insignificant 
t5 Insignificant t16 Insignificant 
t4 Insignificant mc13 Insignificant 
t3 Insignificant t7 Insignificant 
t13 Insignificant t14 Insignificant 

 
Table 5.3 Variable significance on the y intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Variable Regression coefficient Variable Expansion coefficient 
t10 6.216 mc4 Insignificant 

V_angle 3.829 t11 Insignificant 
mc10 3.529 mc18 Insignificant 
mc12 2.828 t3 Insignificant 
ytrans 2.814 mc1 Insignificant 

t8 2.773 ztrans Insignificant 
t9 2.74 t4 Insignificant 
t12 2.435 mc3 Insignificant 
t15 1.553 mc16 Insignificant 
t6 Insignificant mc2 Insignificant 

mc15 Insignificant mc7 Insignificant 
t18 Insignificant t16 Insignificant 
t5 Insignificant mc17 Insignificant 

mc11 Insignificant t7 Insignificant 
V_resultant Insignificant t2 Insignificant 

t13 Insignificant mc14 Insignificant 
mc8 Insignificant mc13 Insignificant 
mc6 Insignificant t17 Insignificant 
mc9 Insignificant t1 Insignificant 
t14 Insignificant mc5 Insignificant 
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Correlation results 
 
Table 5.4  An X indicates that the variable has a significant correlation, i.e the 
degree of linear dependence between that variable and response is sufficiently large 

 Intrusion in the x direction Intrusion in the y direction 
t1   

t2   

t3   

t4   

t5   

t6   

t7   

t8   

t9 X X 

t10 X X 

t11   

t12 X  

t13   

t14   

t15   

t17   

t18   

t16   

Ytrans   

Ztrans   

mc1   

mc2   

mc3   

mc4   

mc5   

mc6   

mc7   

mc8   

mc9   

mc10   

mc11   

mc12 X  

mc13   

mc14   

mc15   

mc17   

mc18   

mc16   

V_result   

V_angle  X 
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From the correlation results one can see that most parameter and response relationships 
would be better described with a higher order approximation. This does not indicate that 
the results from this screening would be incorrect in any way. The regression coefficient 
from the ANOVA results still give a level of parameter significance based on the slope of 
the relationship, even though it is not primarily linear. The results are used as an 
indication to increase the order of approximation in the final parameter analysis. 
 
Discussion of the first screening 
To begin with, the submodel is more sensitive to a thickness variation than a material 
variation. Furthermore, the model is more sensitive to variations in the pendulums impact 
angle and position in y direction than the velocity magnitude and position in the z 
direction. Another interesting result is that part 40177, which is the outer component of 
the A-pillar, is sensitive to small variations but part 18, which is the inner part of the A-
pillar, is not. The reason for this seems to be that part 18 obtains a larger plastic 
deformation right across one hole. This results in smaller energy absorption by the part 
and a less significant effect on intrusion. 
 
The material variation in this screening is a rather coarse simplification since the elastic 
and plastic regions are scaled equally. Therefore it would be wrong to exclude all the 
parts that showed no influence with respect to stress-strain curve variation on the x and y 
intrusions in further analyses. However, those parts in this screening without a significant 
correlation coefficient on both thickness and material variation, will in further screening 
analyses be considered as insignificant, i.e. constant mean values on the attributes of 
these parts will be used, since their variation most likely has no effect on intrusion. 
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Conclusion 
Results of the first screening show which variables that are candidates for having a 
significant contribution on response variation:  

• Thickness of the Sidemember outer component, part 8, the Sidemember inner 
component, part 9, the Roof panel, part 10, the A-pillar outer component, part 12 
and the Windscreen, part 15. 

• Material curve scaling of part 10, 12 and 15.  
• The offset of the pendulum in the y direction. 
• Angle of the resultant velocity of the pendulum in the x y plane. 

 

 
Figure 5.3 Explode view of the submodel with the parts shown to have significance 
in thickness variation encircled in yellow, and in material variation in red 
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5.2 Second screening 
Setup 
In this screening the material variations for the five significant parts (even those that only 
showed influence from thickness variation) determined in the first screening are analysed 
with a more realistic stress-strain variation. Instead of applying variation through the use 
of a scaling factor, ten extra curves are created for each stress-strain curve of the five 
parts. These are created to be, for each parts definition, normally distributed around the 
nominal curve, considered as the mean curve. Also, the variation around this mean curve 
becomes smaller as the plastic strain values increase, congruent with the behaviour shown 
in real life testing [1]. The stress-strain curve varies with a standard deviation of 16 MPa 
in true stress at zero percent plastic strain and converging towards 8 MPa at larger plastic 
strain values. In Figures 5.4 one can see the variation when a scaling factor is used, as in 
the first screening, while Figure 5.5 shows the new approximation for the same material.  

 
Figure 5.4 Approximation of stress-strain variation in the plastic region for a 7 % 
pre-stretched and bake hardened DX54D material during the first screening. The 
stress is expressed in GPa 
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Figure 5.5 A plot of the plastic region on how the stress-strain curve is varied 
during the second screening. The stress is expressed in GPa 

 
The intention is to use real material variation data measured from the rolled coils that the 
parts are formed from, a project Scania currently is working on. But due to re-
prioritisation this material data is delayed. This is why an approximation is still used in 
this work. Nevertheless the new approximation is more accurate than the one used in the 
first screening. 
 
 
ANOVA results 
 

Table 5.5 Variable significance on the x intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Variable Regression coefficient 
Part 10 1.148 
Part 12 0.8171 
Part 15 Insignificant 
Part 8 Insignificant 
Part 9 Insignificant 

 
Table 5.6 Variable significance on the y intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Variable Regression coefficient 
Part 10 1.225 
Part 12 0.602 
Part 15 Insignificant 
Part 8 Insignificant 
Part 9 Insignificant 
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Discussion of the second screening 
The results show that the material variations for part 10 and part 12 have a significant 
influence on the x and y responses. Compared to the first screening the regression 
coefficient values from ANOVA are now smaller. This is due to the smaller design space, 
cf. Figure 5.5 and Figure 5.4. This is most likely also the reason why part 15 becomes 
insignificant, because of the better approximation used. 
 
Conclusion 
In the final sensitivity analysis only the variation of the stress-strain curve of part 10 and 
12 will be applied through the approximation described in this Chapter. 
 
5.3 Third screening 
Setup 
A third screening is conducted to find out if a change between the two material 
manufacturers that Scania commonly uses introduces any significant effects on intrusion 
responses. This is common that material data from different suppliers differs considerably. 
That is the screening will answer if Scania is sensitive to a change from Stahl Werke 
Bremen to Cockrill as material deliverer of the parts included in the submodel and also 
for which parts this applies. The material data for the different manufacturers can be seen 
in Appendix C. The standard deviations in the material data is only given for the steel 
delivered from Cockrill. Based on the variation from other material deliverers of the same 
material quality, the assumption is made that the standard deviations are the same for 
both manufactories. 
 
This screening is performed using LS-OPT, where the material deliver is one variable for 
each part which toggles between two integers and hence switches between segments of 
curves. The variations on the stress-strain curves for each material manufacturer are 
introduced in the same way as in screening two. 
 
ANOVA results 
 

Table 5.7 Variable significance on the x intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Change of material 
deliverer for part id Regression coefficient 

9 1.585 
12 Insignificant 
8 Insignificant 
15 Insignificant 
10 Insignificant 
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Table 5.8 Variable significance on the y intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Change of material 
delivery for part id Regression coefficient 

9 0.4201 
12 Insignificant 
8 Insignificant 
10 Insignificant 
15 Insignificant 

 
 
Discussion of the third screening 
This screening shows for which parts a change of steel deliverer would result in a 
significant difference in intrusion. Note that the material curve variations on parts 10 and 
12 still have significance; the results only mean that a change of deliverer for these parts 
does not contribute much to the variation in intrusion.  
 
The results of this screening should be regarded as a separate analysis, the fact that the 
material deliverer changes for part 9 shows significance on intrusion is ascertained but 
not included in the final parameter analysis. A change of deliverer for only one 
component is not likely. In the final parameter analysis it would result in an ill posed 
problem where the contribution from material curve variation for part 9 is unjust 
compared to other variations.  
 
Conclusion 
The result of the third screening has shown that only one part is sensitive to changes of 
material manufacturer and that it is the Sidemember inner component, part 9. 
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6 Forming 
In this chapter the effects of including forming in the submodel is analysed. The analyses 
are performed due to the fact that material properties change when the components are 
formed. The material changes are for example thickness variations and plastic strain 
variations. There could also be some geometry variations after forming but these are not 
treated. Scania is using, as earlier mentioned, an average pre-stretch factor to compensate 
for the forming effect, i.e. a homogeneous material behaviour with a pre-stretching factor 
of 2 % or 7 % and their effects are investigated in Chapter 4.1. 
 
The forming simulations are made in FastForm, [18], which uses an inverse method with 
the advantage that it is a simple to use and quick. But the program cannot run in batch 
mode, which means that it cannot be controlled by LS-OPT. 
 
The formed parts are original parts taken from the original model, i.e. no trimmed parts 
from the submodel. All holes are filled, since these in reality are created after the forming 
process. The parts are re-meshed by splitting each quadratic element into four elements 
and each triangular element into three elements, this since the forming analysis needs a 
finer mesh to get an accurate result.  
 
Furthermore the formed part material are approximated as isotropic, i.e. that the material 
behaviour is equal in all directions.  
 

 
Figure 6.1 Result from forming of part 12. The left picture shows the plastic strain 
and the right picture shows the shell thickness variation, respectively 

 
From the forming simulations the plastic strains and the thicknesses are mapped into the 
crash model. These parameters have been shown to be the relevant parameters, see [14]. 
This is done with the LS-DYNA Keyword; *INCLUDE_STAMPED_PART by defining 
three pairs of equivalent nodes in the formed part and the corresponding part in the crash 
model. The crash model then receives the plastic strains and thicknesses in each element 
from the nearest corresponding element(s) in the formed model. 
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6.1 All parts formed 
The decision, that Scania has to make, is either to use a material description taken from a 
pre-stretched and bake hardened material test, or to simulate the forming process with the 
use of an FE-program and not account for the bake hardening effect. A comparison 
between these two alternatives analysed in the submodel shows that the model becomes 
slightly stiffer when using results from the forming simulations in the crash model. 
 

 
Figure 6.1 Difference in intrusion when changing from a 7 % pre-stretched and 
bake hardened material model to a fully formed submodel. The x intrusion change 
is plotted to the left and the y intrusion change to the right, respectively 

 

 
Figure 6.2 Difference in intrusion when changing from a 2 % pre-stretched and 
bake hardened material model to a fully formed submodel. The x intrusion change 
is plotted to the left and the y intrusion to the right, respectively 

 
Comparing Figures 6.1 and 6.2, it is shown that the material model with a 2 % pre-
stretched the bake hardened effect accounted for, one finds a stiffer structure than with a 
7 % pre-stretched and bake hardened material model. 
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An interesting conclusion is that it is more important for the studied intrusion to use 
accurate model settings than to include the forming in the submodel, cf. 6.3. 
 

-20 -15 -10 -5 0 5 10 15 20

Forming

Hourglass coefficient

Mass scaling, time step doubled

Dynamic friction

Solid spot weld elements

Beam spot weld elements

Cowper and Symonds rate effect model

2 % pre-stretch and bake hardened

Nominal material data

Change in x intrusion

Change in y intrusion
 

Figure 6.3. Bar chart, showing the maximal intrusion differences. The values are 
maximum values taken from each study, where the intrusion is given in mm 
   

6.2 Only significant parts formed 
To verify if it is enough to only form the significant parts in the submodel a separate LS-
DYNA analysis is carried out. Forming results from Fastform are only the significant 
parts and than mapped to LS-DYNA. Other parts are approximated with the 7 % pre-
stretched and bake hardened material approximation. 
 
Comparing the results from the fully formed submodel with the one where only the 
significant part is formed (Figure 6.4 compared to Figure 6.1) one can see that the 
submodel does not become as stiff with only the significant parts formed. The conclusion 
is that it is not sufficient to only consider forming results for the significant parts. 
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Figure 6.4 Difference in intrusion when changing from a 7 % pre-stretched and 
bake hardened material model to a submodel where just the significant parts are 
formed. The x intrusion change is plotted to the left and the y intrusion change to 
the right, respectively 
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7 The final parameter analysis 

The subset of variables that is included in this analysis is taken from the screening 
analyses: 

• Thicknesses of parts; 9, 10, 12 and 15.  
• The stress-strain curve for the parts; 10 and 12.  
• Position in y direction and angle of velocity resultant of the pendulum at impact. 

 
In this final analysis the thickness and the material stress-strain curve variations are 
applied prior to forming of the parts shown to be significant in the screening analysis. A 
simulation of the forming process of the parts shown to be insignificant are done but only 
one forming simulation per part is done with nominal values on thickness and stress 
versus strain.  
 
All forming simulations are performed one by one in FastForm and the results are 
mapped by LS-OPT to the crash model during the parameter analysis. For the parts, that 
showed significance in either thickness or material variations, 11 forming simulations are 
made for each variable with normal distributed values and one forming simulation is then 
chosen by a uniform distribution in LS-OPT. For example; part 10 showed parameter 
significance in both thickness and stress-strain curve variation from the screening. This 
leads to 11 forming simulations with different initial plate-thicknesses, and 11 different 
material curves for each thickness, in a total number of 121 forming simulations for part 
10.The simulation points used in the building process of the metamodel are uniformly 
chosen by LS-OPT, but the variation will be normally distributed since the values of 
thicknesses and material variations before the forming simulations are normally 
distributed. 
 
The distributions of the stress-strain curves are the same as the approximation used in 
Chapter 5.2. Thus, the stress-strain curve varies with a standard deviation of 16 MPa in 
true stress at no plastic strain and converges towards 8 MPa at larger plastic strains. The 
thickness variations are calculated from measurements of a number of coils (appendix D) 
and are shown in Table 7.1. 
  

Table 7.1 Distributions used on the variables 
 Mean value Standard deviation 

Stress-strain curves 
for part 10 and 12 

Nominal curve 0,16→0,08 

Thickness of part 8 [mm] 1.00375 0.005175492 
Thickness of part 9 [mm] 1.24 0.007559289 
Thickness of part 10 [mm] 1.00375 0.005175492 
Thickness of part 12 [mm] 1.49125 0.006408699 
Thickness of part 15 [mm] 1.2375 0.0046291 

Angle [degrees] 15.0157 2 
Ytrans [mm] 0 30 
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7.1 ANOVA 
 

Table 7.2 Variable significance on the x intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Variable 
Regression 
coefficient 

Offset of pendulum in y direction 3.228 
Thickness of part 8 3.217 
Thickness of part 12 1.371 
Stress-strain curve scaling in part 10 0.2077 
Stress-strain curve scaling in part 12 Insignificant 
Thickness of part 10 Insignificant 
Angle of pendulum velocity at impact Insignificant 
Thickness of part 15 Insignificant 
Thickness of part 9 Insignificant 

 
Table 7.3 Variable significance on the y intrusion response. The absolute value on 
the lower bound of the regression coefficient for a variable is presented 

Variable 
Regression 
coefficient 

Offset of pendulum in y direction 3.574 
Thickness of part 8 1.275 
Angle of pendulum velocity at impact 1.109 
Thickness of part 12 0.435 
Thickness of part 10 0.2983 
Stress-strain curve scaling in part 12 0.2377 
Stress-strain curve scaling in part 10 Insignificant 
Thickness of part 15 Insignificant 
Thickness of part 9 Insignificant 

 
7.2 Correlation 
When studying the correlation of the last parameter analysis one observes that the only 
variables that have significant correlations, i.e. a correlation factor with an absolute value 
grater than 0.3, are the offset of the pendulum in the y direction and the angle of the 
velocity of the pendulum. Table 7.4 shows that a variation of the angle of the pendulum 
velocity has a significant correlation on the y response but not on the x response. The 
variation of the pendulum position in the y direction has a significant correlation in both 
the x and y response. 
 

Table 7.4 An X marks if the variable has a significant correlation to a certain 
response in the current design space 

 Response in x direction Response in y direction 
Offset of pendulum in y direction X X 

Angle of pendulum velocity at impact  X 
 
The results indicate a linear trend on the response variation with respect to these variable 
variations. 
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7.3 Stochastic contribution 
Quantitative effects of the variation on the responses are shown through the stochastic 
contribution. The stochastic contribution present the standard deviation of the x and y 
response due to the variable variation. The summation and individual contribution for all 
the variables included in the final analysis can be seen in Table 7.5. 
 

Table 7.5 Response standard deviation due to variable variation  
 Response in x direction Response in y direction 

Thickness of part 8 0.35 [mm]  0.16 [mm] 
Thickness of part 9 0.16 [mm] 0.07 [mm] 
Thickness of part 10 0.13 [mm] 0.14 [mm] 
Thickness of part 12 0.34 [mm] 0.18 [mm] 
Thickness of part 15 0.12 [mm] 0.07 [mm] 

Stress-strain curve of part 10 0.27 [mm] 0.13 [mm] 
Stress-strain curve of part 12 0.31 [mm] 0.21 [mm] 
Offset of pendulum in y direction 1.27 [mm] 0.72 [mm] 

Angle of pendulum velocity at impact 0.21 [mm] 0.78 [mm] 
The contribution from  

all variables  1.55 [mm] 1.17 [mm] 

 
From the summation of the stochastic contribution of significant variables, one observes 
that with 90% probability all physical parameter variations included in this analysis, with 
their current distributions, will result in a total spread of intrusion within 5.2 mm in the x 
direction and 3.8 mm in the y direction. Of course, taking variations of all possible 
variables into account, the variance of the response should increase as more variables 
contribute to the response variations.
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Figure 7.1 The left picture shows the distribution of the x response and the right 
picture shows the distribution of the y response respectively, caused by the variation 
of parameters included in this final analysis 

 
7.4 Discussion of the final parameter analysis  
The parameter variation of a Scania R-series cab which has the largest impact on the 
intrusion responses during the second part of the Swedish crashworthiness test, is the 
offset of the pendulum in the y direction. Thicknesses and material variations do also 
have a significant effect on the intrusion response of some components of the cab. But 
since these variations cause a small change on the intrusion response, it shows that the 
cab already is rather robust. The angle of the resultant velocity of the pendulum also 
showed significance, but only on the y response. 
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7.5 Conclusion of the final parameter analysis 
A variable has significance if the statistical evidence shows that a parameter variation at 
least has some influence on a response. Even though the quantitative effects are small the 
analysis shows which parts to focus on when dealing with variations. 
 
Parameters that are sensitive to variations relative to the x response are: 

• Offset of pendulum in y direction. 
• Thickness of part 8. 
• Thickness of part 12. 
• Scale of stress-strain-curve of part 10. 

 
Parameters that are sensitive to variations relative to the y response are: 

• Offset of pendulum in y direction. 
• Thickness of part 8. 
• Angle of pendulum velocity at impact. 
• Thickness of part 12. 
• Thickness of part 10. 
• Scale of stress-strain-curve of part 12. 

 
The conclusion that can be made of the results from the final parameter analysis is that 
the effects from the variations used on the physical parameters in the submodel would not 
have a large effect on the intrusion compared to model dependent variations during 
simulation. However, the result of the parameter analysis can be used as a hint of which 
components to focus on or to modify in order to improve crash results in the pendulum 
test. 
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8 Discussion 

Since the model description is shown to have a large effect on the intrusions of interest, 
future work needs to be done in order to clarify which description should be used. This 
can be performed by calibrating the model with well designed physical tests. For an 
example, investigate the spot weld description through a model of a real simple load case, 
subsequently analyse the same case using FE-analysis with different spot weld models, 
and hence establish which description should be used. 
 
The method used in the physical parameter investigation could also be used to make an 
optimisation of a structure. The only thing missing is information on objective and 
constraints. 
 

9 Conclusion 

A change of the FE-model description can have a large effect on the presented intrusion 
of the cab. Compared to the effect of including forming in the FE-model one can say that 
it is more important to have an accurate model description. The inclusion of forming 
effects did make the FE-model stiffer and thus gave a more accurate result than the 
currently used approximation. 
 
The parameter variation of a Scania R-series cab that had the largest influence on the 
intrusion responses is the offset of the pendulum in the y direction (sideways seen from 
the cab). Thickness and material variation in some components of the cab do also have a 
significant effect in the intrusion response. But since these variations cause a small 
distribution on the intrusion responses it is concluded that the cab alredy is robust. The 
angle of the resultant velocity of the pendulum also showed significance but only on the y 
response. 
 
The results from the parameter analysis can also be used as a hint on which components 
to focus on to get improved result in the pendulum test. Given a fixed set of model 
parameters, effects from physical changes and mapping of forming simulation results can 
be studied with this presented method, making it a helpful tool when trying to achieve a 
improved design.
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Appendix A 
Difference in intrusion between the original model and the submodel   

 
Unscaled case:  

 



Thickness scaled up: 
 

 



Thickness scaled down: 

 



Material curve scaled up: 

 



Material curve scaled down: 

 



Appendix B 
Ratio between hourglass energy and internal energy  

 

 

 



Appendix C 
Material data from Cockerill and Stahl Werke Bremen 



Appendix D 
Measured thicknesses and their calculated normal distributions 

 
Manufacture Material Thickne

ss 
[mm] 

Normal Distribution  

SwB DX53D Z100 MB 1,24 Standard Deviation: 0,007559289 
SwB DX53D Z100 MB 1,23 Mean Value: 1,24 
SwB DX53D Z100 MB 1,23     
SwB DX53D Z100 MB 1,25   
SwB DX53D Z100 MB 1,24   
SwB DX53D Z100 MB 1,25   
SwB DX53D Z100 MB 1,24   
SwB DX53D Z100 MB 1,24   
 
 
 
 
 
 
 
 
 
 
 
 

    

SwB DX54D Z100 MB 1,24 Standard Deviation: 0,0046291 
SwB DX54D Z100 MB 1,24 Mean Value: 1,2375 
SwB DX54D Z100 MB 1,23   
SwB DX54D Z100 MB 1,23   
SwB DX54D Z100 MB 1,24   
SwB DX54D Z100 MB 1,24   
SwB DX54D Z100 MB 1,24   
SwB DX54D Z100 MB 1,24   
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



SSAB DX54D Z100 MB 1,49 Standard Deviation: 0,006408699 
SSAB DX54D Z100 MB 1,49 Mean Value: 1,49125 
SSAB DX54D Z100 MB 1,49   
SSAB DX54D Z100 MB 1,48   
SSAB DX54D Z100 MB 1,5   
SSAB DX54D Z100 MB 1,5   
SSAB DX54D Z100 MB 1,49   
SSAB DX54D Z100 MB 1,49   
  

 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

 

Cockerill DX54D Z100 MC 1 Standard Deviation: 0,005175492 
Cockerill DX54D Z100 MC 1 Mean Value: 1,00375 
Cockerill DX54D Z100 MC 1   
Cockerill DX54D Z100 MC 1   
Cockerill DX54D Z100 MC 1,01   
Cockerill DX54D Z100 MC 1,01   
Cockerill DX54D Z100 MC 1,01   
Cockerill DX54D Z100 MC 1   
 
 
 
 
 
 
 
 
 
 
 
 
The approximated standard deviation is calculated by:  

∑
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−
−

=
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Where x is the mean value and ix  is the coil thickness of measure i 
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